A gene (aad) coding for an aldehyde/alcohol dehydrogenase (AAD) was identified immediately upstream of the previously cloned ctfA (J. W. Cary, D. J. Petersen, E. T. Papoutsakis, and G. N. Bennett, Appl. Environ. Microbiol. 56:1576-1583 
The strict anaerobe Clostridium acetobutylicum is a grampositive, spore-forming, saccharolytic bacterium capable of fermenting a wide variety of sugars, oligosaccharides, and polysaccharides to butanol, acetone, ethanol, butyrate, and acetate. Advances in the science of metabolic engineering coupled with today's better understanding of the regulation of key acidogenic and solventogenic genes may potentially lead to the development of superior solvent-producing industrial strains.
Butyraldehyde dehydrogenase (BYDH) catalyzes the conversion of butyryl coenzyme A (butyryl-CoA), a key intermediate in the formation of butanol, to butyraldehyde, accompanied by the oxidation of NAD(P)H and the release of CoA from butyryl-CoA. Previously, a BYDH with a subunit molecular mass of 56 kDa was purified from C. acetobutylicum B643 (35) . However, no genes encoding this or any other BYDH have yet been cloned from C. acetobutylicum.
Acetoacetyl-CoA:acetate/butyrate:CoA transferase (CoAtransferase) is the first enzyme in the acetone formation pathway. This enzyme catalyzes the transfer of the CoA moiety from acetoacetyl-CoA to either butyrate or acetate and thus is responsible for the uptake of the two acids during the nongrowth-associated solventogenic phase of the fermentation.
The two genes (ctfA and ctfB) encoding the CoA-transferase have recently been cloned and sequenced (4, 38) . The end of an open reading frame (ORF) was identified 32 bp upstream of ctfA (38) . Northern (RNA) analysis revealed that the ctf genes were contained within a 4.1-kb transcript in C. acetobutylicum DSM 792 (12) . A terminator has been identified immediately downstream of ctJB, and the coding region of the ctfA and ctJB genes spans only -1.4 kb. It is thus believed that at least one labeling studies, both recombinant and wild-type strains of BL21(DE3) were grown aerobically or anaerobically in M9 minimal medium (41) supplemented with 1% (wt/vol) glucose, 20 ,ug of thiamine hydrochloride per ml, and 0.01% (wt/vol) 18 amino acids (minus Cys and Met). For recombinant strains, the medium was supplemented with carbenicillin (50 ,ug/ml). C. acetobutylicum was grown in clostridial growth medium (56) , supplemented when necessary with 100 pug of erythromycin per ml, and maintained as previously described (32 were performed by using the Sequenase version 2.0 kit (U.S. studies was isolated from cells that had been producing Biochemical Corp., Cleveland, Ohio) as specified by the manbutanol for 5 h, at which point the butanol concentration was ufacturer.
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30% of the final culture concentration. RNA isolation. Total RNA was isolated from C. acetobutyPrimer extension. Primer extension reactions were perlicum as previously described (52) . RNA for primer extension formed as previously described (12) , using Moloney murine
Amino acid alignment of aad and adhE gene products. The two proteins share a very high identity of 56% (75% similarity). Boxed positions indicate strict conservation. Abbreviations: aad, C. acetobutylicum AAD (this study); adhE, E. coli ADH/ACDH/PFL deactivase (13, 21 Construction of plasmid pCADEX1. aad, together with its two putative promoters, was amplified by PCR using plasmid pHXS5 DNA (which contains aad; see Results) as a template. The upstream primer, 5'-AAATATACTGAGAAHCCTAA ATATATA-3' was generated by substituting a G for a T at nucleotide position 1692 ( Fig. 1) to provide an internal EcoRI site (underlined). The downstream primer, 5'-AATCTAATT ATTCITAGGTTCAT1'TAA-3', resulted from a substitution of a C for a T at nucleotide position 4723 ( Fig. 1) on the complementary strand to provide an internal XbaI site (underlined). The amplified product was sequentially digested with EcoRI and XbaI and ligated into the similarly digested vector pT7/T3a-18 to yield plasmid pCADEX1 (see Fig. 7 ). The precise orientation of aad with respect to the T7 promoter was verified by sequencing the region upstream of aad in the construct pCADEX1 by using primer PE-1.
Construction of plasmids pCAAD and pCCL. AccI-digested pCADEX1 was ligated to CiaI-digested pIMl3 (28) to yield the 8.1-kb plasmid pCAAD (see Fig. 8a ). The Bacillus subtilis plasmid pIMl3 provides MLS' and a gram-positive origin of replication (28) . Plasmid pCAAD was digested sequentially with BamHI (position 2923; Fig. 1 ) and BglII (position 4434; Fig. 1 ) and religated to generate the control plasmid pCCL (see Fig. 8b ), which contains a truncated aad (58% of the structural gene deleted).
T7 expression. For T7 expression studies, aad was inserted and then subjected to IPTG induction for 20 min and a further 30-min incubation subsequent to rifampin addition.
Enzyme assays. Cells from 500 ml of C. acetobutylicum culture were harvested, and the pellets were stored at -850C until used (always within 3 weeks). Cells were suspended in 15 mM potassium phosphate buffer (pH 7.0) containing 1 mM dithiothreitol and 0.1 mM ZnSO4 (l g of frozen cells per 5 ml of cell lysis buffer). The cell suspension was sonicated on ice with an ultrasonic cell disruptor (model W-225R; Heat Systems-Ultrasonics, Farmingdale, N.Y.) at level 10 for 18 min with a pulse setting of 90%. The cell debris was removed by centrifugation at 35 ,000 x g for 20 min at 40C. Crude extracts were prepared from E. coli in a similar manner, with the following modifications: the cell lysis buffer contained 1 mg of lysozyme per ml, cells were incubated for 1 h on ice in cell lysis buffer prior to sonication, and cells were sonicated at level 5 for 5 min at a pulse setting of 90%. Butyraldehyde dehydrogenase (BYDH) and acetaldehyde dehydrogenase (ACDH) assays were performed in the reverse physiological direction as previously described (19) . One unit is defined as the amount of enzyme necessary to reduce 1 ,mol of NAD(P) per min. Butanol dehydrogenase (BDH) assays were performed in the physiological direction as previously described (54), with butyraldehyde at a final assay concentration of 25 mM. An identical procedure was adopted for ethanol dehydrogenase (EDH) assays, with acetaldehyde at a final assay concentration of 50 mM. One unit is defined as the amount of enzyme necessary to oxidize 1 ,umol of NAD(P)H per min.
[35S]methionine labeling. Five milliliters of E. coli cell samples was withdrawn prior to induction, at the end of the induction period, and after incubation with rifampin addition. (40) .
,uCi/ml for C. acetobutylicum cultures) and mixed. Labeling by incubation at 37°C for 10 min was followed by a chase of unlabeled Met (300 ,ug/ml), and the tubes were then chilled on ice. The cells were washed thrice with 1. (25) alongside 14C-labeled high-molecular-weight protein standards (BRL). Upon electrophoresis, gels were dried on Whatman 3MM paper, and imaging plates (exposed for at least 24 h) were scanned in a model 400S Phosphorlmager (Molecular Dynamics, Sunnyvale, Calif.). C. acetobutylicum samples from bioreactor runs (early exponential, late exponential, and stationary stages of growth) were suspended in sample buffer, boiled, and loaded as described above. High-range (BRL) and mid-range (Promega) protein molecular weight markers were loaded alongside. Gels were stained with 0.25% (wt/vot) Coomassie brilliant blue R-250 (Sigma).
Analysis of fermentation products. The concentrations of butanol, acetone, ethanol, butyrate, and acetate were determined by gas chromatography as described previously (29) .
Computer programs. Sequence comparisons and homology searches of the GenBank (release 75.0, February 1993) and SwissProt (release 24.0, January 1993) data bases were done by using the Wisconsin Genetics Computer Group (9) 
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Nucleotide sequence accession number. The 4,800-bp sequence ( Fig. 1 ) that includes aad and the upstream ORF1 has been submitted to GenBank (1) and has been assigned accession number L14817.
RESULTS
Plasmid pHXS5. Previously, a bacteriophage lambda EMBL3 library of C. acetobutylicum DNA was screened by using both ctfA and cfB subunit probes to identify a positive phage isolate, Hi (4). A -6.7-kb SalI-XbaI DNA fragment (Fig. 2 ) from this phage isolate, which was later found to contain intact ctfA and ctfB genes and a -5.0-kb region upstream of ctfA, was cloned into the similarly digested pUC19 vector to yield plasmid pHXS5. The Sall end of this fragment corresponds to that of the 2.0-kb SalI-BglII DNA fragment (containing both ctf genes) previously cloned on plasmid pCoAT9 (4).
Southern blotting. NcoI-digested C. acetobutylicum chromosomal DNA was probed with nick-translated pHXS5. The resulting Southern blot (not shown) showed that up to 3.8 kb of DNA upstream of ctfA was intact. Figure 2 shows the locations of the NcoI sites.
Sequence analysis. Both strands of a 4,712-bp segment of C. acetobutylicum DNA upstream of ctfA were sequenced (Fig. 1 ) from pHXS5. Two large complete ORFs were identified on this segment (Fig. 2) . The 2,619-bp ORF immediately upstream of ctfA was designated aad. On the basis of homology searches of protein and DNA data bases, this ORF was found later to encode an aldehyde/alcohol dehydrogenase (AAD). This AAD is a 873-amino-acid (aa) protein with a calculated molecular mass of 96,517 Da. A putative ribosome binding site (RBS) (44) (5'-AAGAAG-3') was found 9 bp upstream of the aad start codon. The sequence and spacing of the RBS are similar to those of other C. acetobutylicum genes (36) .
The function of the second ORF (ORF1) upstream of aad is unknown. If this were a gene, the encoded 319-aa protein would have a molecular mass of 36,704 Da. A putative RBS (5'-GGAAAGAG-3'), similar in sequence and spacing to those of other C. acetobutylicum genes (36) , was found 11 bp upstream of the ORFi start codon. Two inverted repeat segments (Fig. 1) Amino acid comparison. Data base searches revealed that AAD shares a high amino acid homology (56% identity and 75% similarity) with the trifunctional 96,008-Da protein encoded by adhE from E. coli K-12 (13, 21) . Identity was observed over the entire spans of these proteins except for the last 22 aa at the C-terminal end of AAD (Fig. 3) .
AAD also showed homology to several aldehyde dehydrogenases (ALDHs) ( Table 1 ) and alcohol dehydrogenases (ADHs) ( Table 2 ). The 10 ALDHs listed in Table 1 (six bacterial, two mammalian, one fungal, and one plant) have a 17 to 23% identity (41 to 46% similarity) to AAD. Homology of these 10 ALDHs (average size = 496 aa) is restricted to within -460 aa residues at the N-terminal end of AAD. The amino acid alignment of seven of these proteins which show the best identities to AAD and the adhE gene product (ADH/ACDH) is shown in Fig. 4 . There are 10 amino acid positions that are conserved in all nine proteins and an additional 16 positions that are conserved in eight of nine proteins.
The seven ADHs, which include three clostridial ADHs (52, 62) , that show homology to AAD are listed in Table 2 (six bacterial and one yeast). Here the identities to AAD are higher than those of the ALDHs, with the range being 22 to 42% (46 to 65% similarity). Homology of the seven ADHs in Table 2 (average size = 385 aa) is restricted to within -420 aa residues of the C-terminal section of AAD. The amino acid alignment of these seven proteins with AAD and ADH/ACDH is shown in Fig. 5 . There are 19 amino acid positions that are strictly conserved and an additional 20 positions that are conserved in eight of nine proteins.
Transcriptional start sites. It was shown previously that the ctfA and ctfB genes were contained on a 4.1-kb transcript in C.
acetobutylicum DSM 792 (12) . These genes have also been found on a similar-size transcript in strain ATCC 824 (51). These findings indicate that aad, ctfA, and ctfB are expressed as an operon, since the corresponding size of the transcript based on sequence analysis agrees with the Northern blot results. A primer extension experiment was performed to identify the precise 5' end of the aad-ctfoperon. containing aad and its two natural promoters (PI and P2 upstream of transcriptional start sites SI and S2, respectively) was amplified by PCR, using single-base-substituted primers to generate EcoRI and XbaI ends, and cloned into the T7 expression vector pT7/T3a-18. The T7 promoter is designated PT7. RNA used in this experiment was obtained from C. acetobutylicum cells which had been producing butanol for 5 h. Regions of plasmid pHXS5 were sequenced by using the same primer, and the resulting DNA sequences are shown in lanes 1 to 4.
upstream of the aad start codon. To rule out the possibility of nonspecific hybridization of the PE-1 primer with different mRNA, the experiment was repeated (not shown) with a second primer (PE-2) complementary to a different N-terminal region of aad. Both experiments revealed identical dual start sites with the same relative band intensities. The -10 and - 35 regions of the apparent promoters, along with those of other C. acetobutylicum solventogenic genes, are shown in Table 3 . The distal, apparently weaker, aad-ctf promoter was similar to that previously identified as a consensus clostridial promoter (61).
However, the other aad-ctf promoter differed from those of other solventogenic genes, especially in the -10 region.
As expected, no terminator structures could be located in the 32-bp intergenic region between aad and ctfA or the 27-bp intergenic region between ctfA and ctfB. The presence of a bidirectional terminator has been identified downstream of ctfB (38) . ALDH and ADH activities of AAD in E. coli and C. acetobutylicum. Cell crude extracts were assayed for BYDH, ACDH, BDH, and EDH activities. Preliminary attempts to detect ALDH and ADH enzyme activities in JM1O9(pCADEX1) crude extracts were unsuccessful, suggesting either that the natural promoters could not function in E. coli or that the protein itself was not functional. To overcome this potential difficulty, pCADEX1 (Fig. 7) , whereby aad is transcribed from the T7 promoter, was used to transform E. coli BL21(DE3). Under aerobic growth conditions, low activities were detected for NAD-specific BYDH, NAD-and NADP-specific ACDH, and NADPH-specific BDH (results not shown). Previously, an ALDH from Clostridium beijerinckii NRRL B592 was found to be sensitive to oxygen (60) . Moreover, adhE-lacZ fusion studies have indicated a 10-to 20-fold induction of ADH/ ACDH under anaerobic conditions (26) . Hence, the assays were repeated with cells grown anaerobically. Rifampin was also added to these cultures to selectively inhibit the host RNA polymerase (50) and thereby reduce any background activity of the host. Under these conditions, more pronounced activities were detected for NAD-specific BYDH and NADH-specific BDH, with both vector and host controls yielding no detectable activities (results not shown). Under no conditions could NADH-or NADPH-specific EDH activity be detected from plasmid pCADEX1.
When assays were performed with crude extracts of C. acetobutylicum samples from fermentor experiments at pH 4.5 of wild-type and recombinant strains carrying plasmid pCAAD (Fig. 8a) or pCCL (Fig. 8b) , activities were detected for NAD-specific BYDH and ACDH and for NADH-specific BDH and EDH (Table 4) . While BDH and ACDH activities from pCAAD were higher than those of the wild-type strain (up to 2.5-and 70-fold, respectively) and ATCC 824(pCCL) control strain (up to 2-and 60-fold, respectively), the pCCL control also reflects some degree of enhancement of these activities (up to 2-and 45-fold higher, respectively). EDH activities were lower, but the same trend can be observed. However, BYDH specific activity indicates a more selective amplification in the strain carrying the intact aad on pCAAD. Although the control 824(pCCL) fermentation shows higher final butanol and acetone concentrations, the ethanol-toacetone and butanol-to-acetone ratios (Table 5) indicate that the recombinant strain carrying aad (on pCAAD) produces alcohol with improved selectivity compared with either of the controls. In addition, the 824(pCAAD) fermentation shows 2- T7 expression studies in E. coli did not reveal overexpression of a -96-kDa protein which would be expected from the molecular weight of the translated aad. Coomassie blue-stained gels of total protein also confirmed this finding. However, an intense band corresponding to -42 kDa was observed (gel not shown) in the rifampin-treated sample of cells carrying pCADEX1. Several fainter bands corresponding to higher-molecularweight proteins were observed for both aerobically and anaerobically grown E. coli cells (results not shown). DISCUSSION C. acetobutylicum AAD, which demonstrates both aldehyde and alcohol dehydrogenase functions, shows high identity to the trifunctional adhE from E. coli. Under anaerobic conditions, the adhE gene product has ACDH and ADH activities, which are responsible for ethanol formation (13) , and pyruvate-formate-lyase (PFL) deactivase activity (21) . PFL deactivase inactivates PFL, which is required in the nonoxidative cleavage of pyruvate to form acetyl-CoA and formate (6, 22) .
The anaerobically induced PFL deactivase exists as an irondependent homopolymeric rod-shaped protein (-40 x 96 kDa) (21) . Amino acid alignment of AAD and ADH/ACDH (Fig. 3) As previously observed (18) , the N-terminal ends of ALDHs appear to be poorly conserved; however, ALDH domains (N-terminal regions) of AAD and ADH/ACDH show homology to several ALDHs (Fig. 4) . Strictly conserved residues are found in 10 positions, half of which are Gly residues. The two strictly conserved Pro residues are present as part of a highly conserved 15-aa peptide (starting at position 102 [ Fig. 4 ] in AAD). The dodecapeptide that includes the last 12 of these 15 residues has previously been reported to be conserved among ALDHs (18) . Proteins which demonstrate only ALDH function have the highly hydrophobic residues Phe and Trp be- 9 . SDS-PAGE. Cell samples from C. acetobutylicum controlled-pH (4.5) batch fermentations of both wild-type and recombinant strains were taken at the early exponential (A), late exponential (B), and stationary (C) stages of growth, and proteins were electrophoresed in SDS-8% polyacrylamide gels and Coomassie blue stained. Lanes 2 to 4 correspond to the wild-type strain, lanes 5 to 8 correspond to the recombinant strain carrying intact aad on plasmid pCAAD, and lanes 9 to 12 correspond to the recombinant control strain carrying a truncated aad on plasmid pCCL. Lanes Fig. 4 ) is highly conserved among ALDHs (55) but not in AAD or ADH/ACDH. The heptapeptide EExFGPV (starting at position 382 in the protein designated l-ald in Fig.  4 ; x is any amino acid) is also conserved among several ALDHs (18) , but the corresponding sequence in AAD and ADH/ ACDH is a poor match. These comparisons clearly indicate that the N-terminal regions of AAD and ADH/ACDH, while related to ALDHs, have diverged in some ways from this group.
The ADH domains (C-terminal regions) of AAD and ADH/ ACDH show homology to several ADHs (Fig. 5) . Of the 19 positions that are strictly conserved, there are four Gly and three Pro residues. This overrepresentation in conserved Gly residues has been suggested as typical of ADHs with largely conserved conformation (20) . Cys and His residues have been implicated as metal-binding ligands in zinc-containing longchain ADHs (20) . A comparison of AAD and ADH/ACDH (Fig. 3 ) reveals seven His (four in the N-terminal part) and four Cys (two in the N-terminal part) residues that are conserved throughout both proteins.
The coenzyme specificity of dehydrogenases has been fairly well documented (20, 24, 43) . A highly conserved glycine-rich region with a GxGxxG pattern within a Pot3 Rossmann fold was found to be common to the NADH-binding domain of many ADHs (20, 43) . A GxGxxGG pattern is observed in the central regions (Fig. 3) of AAD (starting at residue 418) and ADH/ACDH (starting at residue 420). With the exception of glyceraldehyde-3-phosphate dehydrogenase (43), a coenzymebinding consensus sequence among ALDHs seems to contain an additional amino acid between the second and third glycines (18) . Such a sequence is observed in several ALDHs ( Fig. 4 ; aligned to initiating Gly-168 in AAD) but not in AAD and ADH/ACDH. However, a similar sequence is present in AAD starting at position 362 in a region that is not very well conserved in the initiating glycine. A GxGxxA sequence within a Pctp fold (with another alanine almost always present a further four residues downstream) is conserved among some NADP(H)-binding proteins (43) . However, some significant differences among NADPH-binding domains (24, 43) prevents identification of such a region on the basis of sequence comparisons alone. A GxGxxVxxxA sequence exists in AAD starting at position 598 (Fig. 5 ) in a region highly conserved among ADHs. The ADH portion of AAD has a 42% identity (65% similarity) with the NADPH-dependent ADHI from the industrial strain C. acetobutylicum P262 (62) .
It appears that in strain ATCC 824, ALDH (both BYDH and ACDH) functions are present as part of a multifunctional -96-kDa (monomer size) protein ( Fig. 9 and Table 4 ) which is the product of aad. Earlier, a CoA-linked BYDH (monomer size of 56 kDa and native size of 115 kDa) was purified from C. acetobutylicum B643 (35) , and a CoA-acylating ALDH (mono-mer size of 55 kDa and native size of 100 kDa) was purified from C. beijerinckii NRRL B592 (60). It is not known whether proteins similar to these proteins exist in strain ATCC 824. However, different genetic organizations and coenzyme specificities of similar enzymes in different strains of clostridia is not an unusual phenomenon. Of the three CoA-linked ALDHs isolated from Clostridium kluyveri, an NAD-specific enzyme from the soluble fraction (45) has a molecular mass of 290 kDa, an enzyme (NAD and NADP specific) from the particulate fraction of strain DSM 555 has a molecular mass of 194 kDa composed of 55-and 42-kDa subunits (27) , and an NADP-specific succinate semialdehyde dehydrogenase from C. kluyveri DSM 555 has a monomer size of 55 kDa and native size of 115 kDa (46) . Table 5 shows that AAD confers a superior ethanol formation capability compared with both the wild-type strain and the 824(pCCL) plasmid control strain. This is possibly due to elevated activities (Table 4 ) of the NAD-specific ACDH and to a lesser extent the NADH-specific EDH. Since no attempt was made to enhance acetone pathway genes, it is meaningful to compare ethanol-to-acetone and butanol-to-acetone ratios obtained in wild-type and recombinant strain fermentations ( Table 5 ). The ethanol-to-acetone ratio for the recombinant strain carrying intact aad (on pCAAD) is more than double that for either control ( Table 5 ). The butanol-to-acetone ratio also reflects an enhancement (Table 5) although not quite as pronounced. As observed earlier (31), host-plasmid interactions also lead to elevated final solvent levels and decreased final acid levels (Table 5 ) due to a possible induction of stress proteins upon plasmid-imposed metabolic stress. We have found this to be a general effect with several other plasmid constructs, as we shall report shortly (52a). We also note the appearance of a strong band at -65 to 66 kDa, which parallels in intensity the AAD band and solvent production in all three fermentations ( Fig. 9 ; Table 5 ). This band could represent DnaK, a 65.6-kDa C. acetobutylicum stress protein (33) . This would be consistent with the proposed connection between the stress protein induction and solventogenesis (33) .
The high BDH activities observed in C. acetobutylicum (Table 4) , which are likely in large part due to BDH I and BDH II isozymes (52) , coupled with the use of the same substrate (butyraldehyde) in both BYDH and BDH assays, leads to a masking of BYDH activities due to an uptake by BDH of the NAD(P)H generated in the BYDH reaction. This could explain the low BYDH activities detected (Table 4) . However, detectable ACDH activities are higher, possibly because of low detectable levels of EDH (Table 4) , which would minimize such a masking effect on the ACDH activities.
Expression of aad in E. coli from its natural promoters was undetectable even though one of the natural promoters (Table  3) shows conservation to the E. coli o70 RNA polymerase promoter in 11 of 12 positions in the -10 and -35 regions. Also, the T7 expression system described in this report did not lead to the expected high ALDH and ADH activities of AAD in E. coli. Since no overexpressed -96-kDa-band protein was detected in any of the E. coli BL21(DE3) gels, the question remains as to whether AAD exists in E. coli as a 96.5-kDa protein or whether it undergoes posttranslational processing into an ALDH (average size of -55 kDa [ Table 1 ]) and an ADH (average size of -42 kDa [ Table 2 ]). The idea that the 42-kDa band observed in E. coli protein gels is perhaps a truncated AAD could be explained by the presence of a consensus E. coli RBS starting at position 3395 (Fig. 1) upstream of a Met start site at position 3406 (Fig. 1) , which is precisely where the ADH homology region is initiated (Fig. 5) . However, this does not explain the observed ALDH activities in E. coli. These ambiguous results in E. coli prompted the C. acetobutylicum studies described in this report. Internal translation initiation at position 3406 could also occur in C. acetobutylicum, and the prominent bands of -43 to 44 kDa appearing in lanes 3, 6 to 8, and 10 to 12 of Fig. 9 could represent such a translated product from the chromosomal aad [for 824 and 824(pCCL)] and the chromosomal and plasmid aad [for 824(pCAAD)].
The aad-ctf operon seems to play a very important role in solvent formation. CoA-transferase and AAD are induced and derepressed simultaneously at the onset of solventogenesis.
Activity data suggest that AAD could provide both ALDH and ADH functions in butanol and ethanol formation pathways. Specific mutations in ALDH and ADH regions of AAD would be necessary to verify that these are mutually exclusive functions of the same protein. Coregulation of butanol and acetone formation genes implies that a mutation in a key regulatory region in this common locus could lead to loss of several solventogenic enzyme functions. The existence of a common regulatory factor for acetone and butanol formation has been proposed (14) . Chemical mutagenesis of ATCC 824 has resulted in a mutant, M5, which lacks BYDH (NAD and NADP specific) and CoA-transferase activities but expresses both NADH-and NADPH-specific BDH activities (7) . The presence of the BDH isozymes (BDH I and BDH II) in ATCC 824 (52) in a different region on the chromosome could perhaps explain the BDH activities detected in mutant M5.
